Abstract-In this paper, we described a new type of bioenabled nano-plasmonic sensors based on diatom photonic crystal biosilica with in-situ growth silver nanoparticles and demonstrated label-free chemical and biological sensing based on surfaceenhanced Raman scattering (SERs) from complex samples. Diatoms are photosynthetic marine micro-organisms that create their own skeletal shells of hydrated amorphous silica, called frustules, which possess photonic crystal-like hierarchical micro-& nanoscale periodic pores. Our research shows that such hybrid plasmonic-biosilica nanostructures formed by cost-effective and eco-friendly bottom-up processes can achieve ultra-high limit of detection for medical applications, food sensing, water/air quality monitoring and geological/space research. The enhanced sensitivity comes from the optical coupling of the guided-mode resonance of the diatom frustules and the localized surface plasmons of the silver nanoparticles. Additionally, the nanoporous, ultra-hydrophilic diatom biosilica with large surface-to-volume ratio can concentrate more analyte molecules to the surface of the SERS substrates, which can help to detect biomolecules that cannot be easily adsorbed by metallic nanoparticles.
I. INTRODUCTION
S URFACE-enhanced Raman scattering (SERS) [1] , [2] sensing plays pivotal roles in biological and chemical detection as it provides ultra-high sensitivity, label-free sensing capabilities, and unrivaled molecular specificity by probing the vibrational bands of the analyte molecules. Inspired by advanced nanofabrication techniques, rationally designed plasmonic-active SERS substrates have gained tremendous amount of interests in recent years [3] . Stateof-the-art progress includes on-wire lithography [4] , hollowcore waveguide [5] , guided-mode-resonance (GMR)-enhanced surface plasmons [6] , nano-antennas [7] , metallic gratings [8] , slow-light waveguides [9] , and metamaterials [10] , [11] . However, such SERS substrates require rationally patterned nanoscale features that can only be implemented by expensive e-beam lithography or focused-ion beam (FIB) processes, which prohibits their applications as disposable sensors. These disposable biosensors are envisioned to be widely used for point-of-care (POC) applications [12] , personal diagnostics in low-income developing countries, and large-scale sensor network for environmental protection.
Nature is an inspirational source to provide exquisite nanophotonic structures with extremely low fabrication cost. Many photosynthetic marine micro-organisms [13] efficiently capture light for photo-synthesis by imbedding inorganic periodic photonic structure, which is called photonic crystals [14] - [16] , into their cell walls. Photonic crystal is a new class of material that provides novel capabilities for the control and manipulation of light [14] , [17] using periodic arrays of submicrometer scale low-or high-dielectric-constant materials in a homogeneous dielectric matrix. Many interesting optical phenomena [18] , [19] have been observed in photonic crystals, and have demonstrated significant engineering potentials [20] , [21] , especially as optical sensors [9] , [22] . Unlike man-made photonic crystals using cost-prohibitive top-down lithographic and reactive-ion etching techniques, diatoms create their own skeletal shells of hydrated amorphous silica, called frustules, that possess hierarchical micro-and nanoscale photonic crystal structures by bottom-up approach at ambient temperatures and pressures. Diatoms take up water soluble silicic acid from the environment which is then precipitated into amorphous silica within an intracellular nano-bioreactor to form the frustules. Different species of diatoms based on biosilica and coccolithophores based on calcium carbonate with versatile photonic crystal structures have been reported. The potential applications of diatoms in solar cells [23] , batteries [24] , electroluminescence [25] , photoluminescence (PL) [25] , [26] , nanofabrication templates [27] and selective membranes [28] have been explored by many research groups.
This paper reports our most up-to-date research progress of diatom photonic crystal biosilica SERS substrates fabricated by self-assembling of gold nanoparticles (Au NPs) and insitu growth of high density silver nanoparticles (Ag NPs), following our previous published work [29] - [31] . Specially, we studied the contribution of the diatom frustule to randomly distributed plasmonic NPs with high density hot-spots. We also demonstrated label-free SERS sensing to detect melamine for food safety, volatile organic compounds (VOCs) for air/water quality monitoring, and organic residues in desert soils with performance surpassing conventional colloidal plasmonic NPs. Our research proves the significant engineering potential of diatom-based SERS sensors for trace level of chemical and biological sensing.
II. MATERIALS AND METHODS

A. Diatom Photonic Crystal Biosilica
Diatom cells (Pinnularia sp.) were cultivated following the previous report method with minor modification [32] . Briefly, diatoms were cultured in a container for one week. The suspended diatoms were concentrated 10 times by centrifuging and dispersed in sterile filtered artificial seawater and filtered with 20 µm mesh to separate cells. The diatom cell density was adjusted to 2.5 × 10 5 cells/ml for seeding. A coverslip was placed into a petri dish separately, and 15 ml of diatom cell solution was cast onto the substrate, and incubated in a humidifier chamber for one hour to deposit the cells on the coverslip surface. Then the coverslip with cells was put into a new petri dish, kept in a humidifier for one day and immersed in 70% EtOH for 4 h, and soaked in pure EtOH for 4 more h. The diatoms were dried in air and treated in a UV ozone cleaner at 90 • C for one day. After that, the prepared diatoms were ready for use. The morphology of the diatom biosilica was characterized by scanning electron microscopy (SEM). The SEM images of diatom are shown in Fig. 1(a)-(b) . The semi-ellipsoidal cell dimensions for Pinnularia sp are nearly 20 µm along the major axis, 5 µm along the minor axis. The diatom biosilica consists of periodic two-dimensional nanopores with average diameters of 160 nm ( Fig. 1(b) ) and periodicity of 300 nm.
B. Au NPs Preparation and Self-Assembly On The Diatom
The glassware used for Au NPs synthesis was cleaned with aqua regia (HNO 3 /HCl, 1:3, v/v) and washed thoroughly with Milli-Q water. Au NPs with an average diameter of 50 nm were prepared following the reported method with minor modification [33] . Briefly, a total of 100 mL of 1 mM chloroauric acid aqueous solution was heated to reflux under vigorous stirring. 4.2 mL of 1% trisodium citrate solution was added, and the pale yellow solution turned fuchsia within 15 min. The Au colloids were kept refluxing for another 20 min and then cooled to room temperature. To assemble Au NPs onto diatom biosilica, the surface of the diatom substrate was first functionalized with positively charged poly-diallyldimethylammonium chloride (PDDA) The diatom substrates were immersed in 1% aqueous solution of PDDA for half an hour followed by rinsing thoroughly with water and then immersed into pre-prepared Au colloids for 6 h, and then thoroughly washed with water. The SEM image of diatomAu NPs was presented in Fig. 1 (c). Au NPs with diameter 60 nm were uniformly distributed on the surface of diatom biosilica.
C. In-Situ Growth Ag NPs on Diatom Biosilica
Due to the electrostatic repulsion between plasmonic NPs, it is difficult to further improve the density of the plasmonic NPs using self-assembling. The method of in-situ growth of nanoparticles on porous materials proposed by Tsukruk' group was employed with minor modification for integrating high density Ag NPs to diatom photonic crystal biosilica [34] . Briefly, the diatom frustules were first immersed into 20 mM of aqueous solution of SnCl 2 and HCl (1:1) for several minutes to deposit Sn 2+ on the surface of diatom, and then washed with water, acetone and dried with nitrogen flow. Then the diatom frustules were soaked in a 20 mM aqueous solution of AgNO 3 for 5 min to grow Ag seeds on the diatom frustules. After Ag seed deposition, the diatom frustules were immersed in 1.5 mL of growth media (1 mL of 5 mM AgNO 3 and 0.5 mL of 50 mM ascorbic acid). The size and density of the Ag nanoparticles could be well controlled as we recently reported [35] . It is clearly seen that high density Ag NPs with diameters around 40 nm were deposited on the surface of the diatom frustule.
D. Instruments and Measurement
SEM images were acquired by FEI Quanta 600 FEG SEM with 15-30 kV accelerating voltage. The Raman spectra were obtained at ambient conditions using a Horiba Jobin Yvon Lab Ram HR800 Raman microscope equipped with a CCD detector, and a 50× objective lens was used for the spectral measurement. Both 532 nm and 785 nm lasers were chosen as excitation wavelengths for Raman measurement with a laser spot size of 1.5 µm in diameter. The confocal pinhole was set to a diameter of 200 µm. Each spectrum was based on the average of 25 measured spectra: we chose five different diatoms and measured the SERS spectra from five different spots on each diatom. Raman mapping images were acquired with 20 × 20-point mapping array. They were collected under the DuoScan module using 0.5 s accumulation time. Fluorescence spectra were collected according to the method previously reported [36] . Briefly, we point to the target sample with the 50× objective lens, with the Horiba Jobin Yvon Lab Ram HR800 Raman system using the 532 nm laser line. Fluorescence microscopy images were collected using Olympus IX73 microscope equipped with X-cite 120 LED fluorescence microscope light source.
III. RESULTS AND DISCUSSION
A. Optical Simulation of Metallic NPs on Photonic Crystal Biosilica
To investigate the optical coupling between the diatom photonic crystal biosilica and metallic NPs, we perform a three-dimensional (3D) finite-difference time domain (FDTD) simulation using FullWAVE module of RSoft photonic component design suite. In our simulation, the periodic porous diatom is modeled as a two-layer structure according to the high resolution SEM images of diatom frustules: a top layer (120 nm thick) with square lattice (300 nm in period) air hole (160 nm in diameter) structure and a bottom layer (60 nm thick) with fine structure as shown in the insert of Fig. 1(a) . The structure parameters are measured from the SEM images. Then, randomly distributed Ag NPs with 40 nm diameters are placed on the diatom. Fig. 2(a) illustrates the simulation model. The incident light is a 532 nm wavelength Gaussian beam with a beam diameter of 1.5 µm, which matches our experiment condition. The results are compared with the case where metallic NPs with the same random distribution are placed on glass substrates. We calculate the local |E| 4 enhancement (defined as |E/E 0 | 4 ) distribution around NPs which is proportional to the SERS enhancement factor (EF). The photonic crystal structure increases the local electrical field due to the guided-mode resonance (GMR) [37] although the GMR spectrum may be altered by the NPs layer. Basically, when the photonic crystal biosilica is coupled with the metallic NPs, it further enhances the electric field intensity at the hot spots between NPs and also increases the hot spots density, similar to previously reported simulation results [29] . However, this is the first time to prove the enhancement from photonic crystals to a large number of randomly distributed plasmonic NPs. Fig. 2(b) shows the |E| 4 enhancement difference in the hot spots areas of between two cases where NPs are placed on diatom and on a glass substrate. Here we define hot spots to be the points where |E| 4 enhancement is bigger than 100. Clearly, there are more EF enhanced areas (yellow) than EF suppressed areas (blue). As a result, the total volume of hot spots increases 50% and the corresponding overall SERS EF increases 2.6 times. To better illustrate the optical coupling enhancement effect, we simulate the |E| 4 enhancement spectra at the hot spots labeled in Fig. 2(b) , as is shown in Fig. 2(c) and (d) . We can see that in both hot spots, |E| 4 has a broadband enhancement around 532 nm. The SERS enhancement factor of the hybrid diatom-Ag NPs is around 10 9 [35] , which is nearly two orders of magnitude higher than some well-defined SERS substrates [38] , [39] .
B. Hydrophilic Surface of Diatom for Sample Enrichment
After the diatom biosilica is annealed at 90 • C on the surface of the glass substrate, the diatom frustules are highly hydrophilic compared to the planar glass slide due to the abundant hydroxyl groups and the nanoporous structure. The hydroxyl groups of diatom biosilica and the glass slide was verified by Fourier transform infrared spectroscopy (FT-IR) as shown in Fig. 3(a) . The prominent peak between 3200 to 3500 cm −1 wavenumber is assigned to the stretching vibration of hydroxyl group on diatom [40] . For glass slides, the intensity of the IR peak of hydroxyl group is much lower than that of diatoms due to the lower density of hydroxyl group. We have observed liquid flow from the planar glass surface towards the nanoporous diatom frustule during the evaporation process because of the hydrophilic/hydrophobic surfaces and capillary forces [41] . The analyte concentration effect of the hydrophilic diatom biosilica was investigated using Rhodamine 6G (R6G) as the typical probe molecules due to its fluorescence color. First, 2 µL of R6G aqueous solution was dropped onto the glass-diatom substrate. After it dried in air, the substrate was imaged under a fluorescence microscope with green laser as the excitation light. As shown in Fig. 3(b) , the orange color from the diatom frustule is brighter than that from the glass slide. The contrast between the diatom and glass was attributed to the analyte concentration effect of diatom frustules. Briefly, the glass-diatom substrate has a relatively large difference in wettability and the analyte solution prefers to flow onto the more hydrophilic porous diatom frustule than the less hydrophilic planar glass slide. As the solution evaporates, the analyte molecules therefore become more and more concentrated in the solution on the diatom surface. At the end of the evaporation, when the solvent (water) disappears completely, the analyte molecules on the diatom surface have a higher density compared to those on the glass slide. The analyte concentration effect of diatoms was further quantitatively verified by fluorescence spectra as shown in Fig. 3(c) . The sample used to acquire the fluorescence spectra was same as the one for fluorescence image. The intensity of the fluorescence spectra from diatoms are almost three times as high as that from the glass slide, which agrees with the fluorescence image.
C. Food Safety Sensing
Melamine (C 3 H 6 N 6 ), a nitrogen-rich chemical compound commonly used in the production of melamine resins has been illegally added to food products to falsely increase the protein content [42] . The intake of melamine can lead to kidney disease and even death in infants [43] , [44] . Thus, the sensitive and accurate detection of melamine is of the utmost importance for food safety. Recently, some new technologies, such as high performance liquid chromatography (HPLC) [45] , gas chromatography in tandem with mass spectrometry [46] and enzyme-linked immunosorbent assay (ELISA) [47] are employed for the detection of melamine. SERS has emerged as a more rapid and cost-effective method for the identification of adulterants in foods. We used diatom-Ag NPs SERS substrates for the detection of melamine. Fig. 4(a) shows the SERS spectra of 2 µL of aqueous melamine at different concentrations dropped onto the diatom-Ag NPs substrate. The prominent peak at 706 cm −1 is assigned to the ring-breathing mode of melamine and it can be used as the featured peak for melamine detection. The intensity of the peak decreases gradually with decreasing concentrations of melamine solution from 1000 ppm to 0.1 ppm. The repeatability of this measurement was verified by Raman mapping as shown in Fig. 4(b) . The Raman mapping image was plotted according to the integrated peak intensity at 696-716 cm −1 . The presence of the diatom photonic structures results in three times improvement compared to that on the flat glass substrate. The variation of the SERS intensity on diatom and glass of Fig. 4(b) was represented by the coefficient of variation (CV = standard deviation/mean), which is 0.25 on diatom and 0.27 on glass, respectively. The reproducibility of the diatom SERS substrate is slightly better than conventional colloidal SERS substrates. 
D. Air/Water Quality Monitoring
Xylene is a kind volatile organic compound and is usually used as chemical intermediates or solvents in industrial chemistry [48] , [49] . Recently, the increasing accumulation of volatile aromatic compounds in water and air has raised health issues and caused public concerns [9] . Gas chromatography (GC) is the mostly used method for xylene analysis in [50] - [52] . Although the GC method could provide reliable results, the complex operation process and expensive instrument limit the application of air/water quality monitoring. SERS is a simple and fast analytical method and has been applied for xylene detection [53] - [55] . However, surface functionalization of the SERS substrates is indispensable in these applications because of the low affinity between xylene and metallic NPs. As a comparison, porous materials have the ability to adsorb organic pollutants in the environment. Thus, diatom-Ag NPs substrates were employed for detecting xylene by SERS directly as shown in Fig. 5 . The prominent peak at 870 cm −1 is assigned to the ring vibration mode of parasubstituted benzene of p-xylene and used as the featured SERS peak for p-xylene [53] . There were no SERS signals of xylene observed on glass-Ag NPs substrate as xylene volatilizes quickly on the planar substrate. We conclude that the porous structure of diatoms has the ability to adsorb xylene for SERS measurement. Further research is needed is improve the detection sensitivity.
E. Detect Organic Compounds From Soil
Another application for this diatom based SERS sensor is the detection of trace level of organic matter in soil. For years, NASA and other government and private space agencies have sought to find life on Mars. They have sent probes to Mars with the goal of obtaining soil samples and then testing the samples for organic compounds. The hope is that we can learn more about our neighbor planet and learn more about our solar system. One of the main methods being used is gas chromatography with mass spectroscopy (GC-MS). However, it has been suggested that the perchlorates found in the Martian soil render GC-MS ineffective at detecting organic matter in the sample [56] . In order to get accurate data, we need to use a detection method that is accurate even in the presence of other minerals and compounds such as perchlorates. We applied our diatom based SERS substrate to this problem in an attempt to find a viable solution. We began with a sample of soil from the Mojave Desert supplied to us by Crystal Research. This soil sample was taken from a point in the desert that is known to experience the least amount of rainfall per year and best simulates the conditions experienced by soil on Mars. It is known that organic matter is present in this sample at a concentration of 1 part per million (PPM).
We began our experiment by preparing two soil samples in deionized water. All water used was deionized and came from a Milli-Q water purification system. The first sample is composed of 2.3 g of soil diluted in 2.3 g of water. The second sample is 2.3 g water, 2.3 g soil and 0.023 g of magnesium perchlorate (Mg(ClO 4 ) 2 ). We used a syringe with a 1µm filter to filter out the large particles. We then diluted the samples further to give us an organic matter concentration of 5 parts per billion (PPB). In our experiments we used 785 nm laser as excited laser and with two second exposure time and averaged over two reads. We measured the Raman spectra from our diatom frustules integrated with gold nanoparticles (Au NPs). The spectra are shown on Fig. 6(a) . The peak at 1374 cm −1 is due to the D band of graphite and the 1574 cm −1 peak is due to the G band of graphite. Using the same parameters, we measured the Raman spectra of the sample containing Mg(ClO 4 ) 2 as shown in Fig. 6(b) . In our sample, the perchlorate had a concentration 5000× greater than that of the graphite. The Raman peak at 934 cm −1 is the main peak of the magnesium perchlorate [57] . Even with the concentration of the magnesium perchlorate so much greater than that of the graphite, we were still able to detect the D and G band Raman peaks from the graphite. Through this experiment we have shown that our diatom based SERS substrate enhances the Raman signal and that even in the presence of perchlorates. This method proves the feasibility to detect trace amounts of organic material in soil for space research.
IV. SUMMARY AND CONCLUSION
In conclusion, we described a new type of bioenabled nanoplasmonic sensors based on diatom photonic crystal biosilica with self-assembled Au NPs and in-situ growth Ag NPs, which can provide high-density hot spots with enhanced optical field. We demonstrated label-free chemical and biological SERs sensing from complex samples based on these bioenabled SERS substrates and achieved ultra-high detection sensitivity surpassing traditional colloidal SERS substrates. These costeffective, high sensitivity SERS substrates will find significant engineering potentials for healthcare, food testing, water and air quality monitoring, and geological analysis.
